Purpose To begin to explore the possible roles of childhood diet and growth in prostate cancer (PCa) development, we investigated these exposures in relation to two known/suspected PCa risk factors, earlier pubertal timing and greater attained height, in the Longitudinal Studies of Child Health and Development. Methods We used biannual/annual height, weight, and dietary history data to investigate childhood diet, body mass index (BMI), birth length, and childhood height in relation to PCa risk factors (age at peak height velocity (APHV), height at age 13, and adult height) for 64 Caucasian American boys. Results In adjusted models, childhood fat and animal protein intake was positively associated with height at age 13 and adult height (P < 0.05). A childhood diet high in fat and animal protein and low in vegetable protein was also associated with earlier APHV (P < 0.05), whereas no associations were observed for childhood energy intake or BMI. Birth length and childhood height were positively associated with height at age 13 and adult height, and childhood height was inversely associated with APHV (P < 0.05). Conclusion Our findings suggest that both childhood diet and growth potential/growth contribute to earlier pubertal timing and taller attained height in males, supporting roles of these factors in PCa development.
Introduction
Although prostate cancer (PCa) is the most common cancer and the third leading cause of cancer death in American men, few modifiable risk factors have been identified [1] . One possible reason for this dearth of information may be the predominant focus of epidemiologic research on mid-to later-life exposures long after the prostate has developed. However, an accumulating body of evidence from several different disciplines supports an earlier life contribution to PCa risk-for instance, during gestation and adolescence when the prostate grows and develops rapidly [2] [3] [4] [5] . In mouse models, stronger associations have been observed for in utero and adolescent exposures with prostate lesion development than for adult exposures [6] [7] [8] , and in humans, small foci of high-grade prostatic intraepithelial neoplasia and PCa have been detected in men starting in their 20 s [9] [10] [11] [12] [13] [14] [15] , and differences in the prevalence of these lesions, as well as in PCa incidence and mortality, are already apparent by race in men in their 30-50 s 1 3 [2, 16, 17] . These findings suggest that exposures responsible for these differences must have occurred several decades beforehand.
Despite these compelling observations, few studies have focused on early-life exposures because of inherent difficulties in studying this earlier life stage-most notably, the long span of time between early-life and PCa diagnosis. This long time span makes traditional epidemiologic study designs, such as case-control or cohort studies, challenging and motivates the development of new strategies to avoid the limitations of either decades-long recall or decades-long participant follow-up [2] . One such strategy, which has been used successfully for breast cancer, is to study early-life exposures in relation to disease risk factors (e.g., earlier menarche) rather than in relation to the disease itself (e.g., breast cancer) [18] . Although conclusive risk factors have not yet been identified for PCa, findings from recent studies of puberty using more accurate measures than in the past-i.e., measured height at age 13 [19, 20] and genetic markers of pubertal timing [21] -suggest that earlier timing of puberty may increase PCa risk/mortality. In addition, greater adult height has been found consistently to be associated with elevated PCa risk/mortality [22, 23] , and thus may be a further useful tool for studying early-life exposures, as it can be measured well before PCa diagnosis.
In the present study, we sought to use these two factorspubertal timing and adult height-to begin to explore the possible influence of childhood diet and body size on PCa development, using existing data from the Longitudinal Studies of Child Health and Development. We focused on these two exposures because of their strong ecological and biological support (i.e., diet [24] [25] [26] [27] [28] ), and their preliminary support from previous observational studies (i.e., inverse findings for large childhood body size and PCa, possibly through delayed pubertal timing [29] ). We also included birth length and childhood height in our analyses to capture, albeit crudely, the independent influence of genetics (i.e., birth length), and the combined influence of diet and genetics (height) on our outcomes of interest. These analyses were modeled after our previous investigation of girls in the Longitudinal Studies of Child Health and Development [30] , in which we observed significant associations for childhood fat and animal protein intake, and body mass index (BMI) with earlier timing of puberty (age at menarche and age at peak height velocity (APHV)) and greater speed of puberty (peak height velocity (PHV)).
Materials and methods

Study population and design
Beginning in 1929, the Longitudinal Studies of Child Health and Development enrolled pregnant women obtaining regular prenatal care at the Boston Lying-in Hospital and intending to deliver and receive their postnatal care at that hospital. Women were enrolled as early as possible during pregnancy (typically at the beginning of the second trimester), and were selected if they were likely to remain in the Boston area and committed to having their child participate in a long-term study. Children born prematurely or with birth defects were excluded, leaving 229 participants in the study. Children were followed by in-person examinations at birth; 14 days; 3, 6, 9, and 12 months; semi-annually from 1 to 10 years; annually from 11 to 18 years; and once during adulthood. Of the 229 children enrolled in the study, 95 were lost to follow-up, leaving 67 boys and 67 girls in the study until age 18 [31] . We further excluded three boys with incomplete dietary data for a final analytic sample size of 64 boys for all analyses.
Diet assessment
Diet in the past 6 months or year was assessed by dietary history interviews [32] . Interviews were performed by the study nutritionist and completed by participants' mothers while their children underwent study visits. The nutritionist used participants' dietary interview data to estimate their average daily intake of energy and a small number of macronutrients (total fat, animal protein, and vegetable protein) in the past 6 months or year.
Anthropometric measurements
Height (or length) and weight were measured at each visit by the Principal Investigator/study pediatrician (Dr. Harold Stuart), except during World War II (1942) (1943) when he was on war assignment. During this time, study visits were interrupted, resulting in one or more missing values for all participants. We imputed these values by taking the average (for one missing value) or the predicted value from a linear regression model (for > 1 consecutive missing values), using participants' nearest non-missing measurements. Imputed data were used to derive our anthropometric exposures and outcomes of interest. Exposures included childhood BMI as a measure of childhood body size, and birth length as a crude marker of genetic growth potential [33] [34] [35] , recognizing that this variable is also influenced by gestational length and maternal nutrition [36] . Birth length was included rather than birth weight because birth weight was only available for a subset of participants (n = 45). Finally, we examined childhood height as a crude marker of the combined influence of genetic growth potential and diet.
Outcomes of interest were (1) APHV, a marker of pubertal timing that captures a later developmental event; (2) height at age 13, a variable previously found to be associated with later PCa risk and mortality [19] [20] [21] and one that we hypothesized captures both the timing of puberty and height potential; and (3) adult height. We also explored PHV, a marker of the speed of pubertal growth, as an outcome because of its previously observed associations with childhood diet and BMI in girls in the Longitudinal Studies of Child Health and Development [30] . PHV was estimated by selecting the maximum value of each participant's annual growth rate (cm/year), and APHV was defined as the age at which participants experienced their PHV.
Statistical analysis
Prior to the analysis, we grouped all exposure data into multiple-year age categories, similar to our previous analysis in girls (1-2, 3-5, 6-8, and 9-10 years [30] ). Age group-specific estimates of dietary and anthropometric measures were calculated by taking the average of each participant's value within that particular age group. Values for dietary measures were adjusted first for year of age and energy intake by the residual method [37] , and then averaged to obtain age-and energy-adjusted estimates. We investigated age group-specific associations between dietary and anthropometric measures and each outcome of interest by computing Pearson correlation coefficients. As several of our exposures were highly correlated with each other (e.g., macronutrient intake at successive ages, and total fat and animal protein intake), we developed summary scores to examine the combined, rather than independent, influence of these highly correlated exposures on our outcomes of interest. Specifically, we created summary measures for childhood: (1) fat and animal protein intake; (2) vegetable protein intake; and (3) height (as a crude marker of the combined influence of diet and genetic growth potential) from ages 1-10. We did not create summary scores for energy intake or BMI because of their null findings in correlation analyses. Scores were calculated by assigning a value from 1 to 4 to each exposure quartile within each age group, and then by summing these values to obtain scores ranging from 4 to 16 (values for the fat-animal protein score were divided by 2). Associations between these scores and each outcome were investigated by linear regression. Finally, to help interpret our findings in the broader context of markers (and possibly mechanisms) of PCa risk, we examined the correlation between outcomes to inform whether these measures reflected common or distinct pathways of risk. Analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC).
Results
All participants were Caucasian of predominantly northern European descent from low-to middle-class families in Boston in the 1930s. As expected, participants' intake of energy and macronutrients, including total fat, animal protein, and vegetable protein, increased with age from 1 to 10 years, although the percentage contribution of each nutrient to energy intake remained relatively constant with age: ~ 32-36% for fat, 9-10% for animal protein, and 4% for vegetable protein (Table 1) . These values were within recommended ranges for protein, but at the high end of the range for fat from 4 years of age onwards. Energy and nutrient intake demonstrated a high degree of autocorrelation with age.
With respect to anthropometric exposures, the mean birth length was 49.7 cm. Mean BMI was relatively stable with age (15.2-17.9 kg/m 2 ) with a low percentage of overweight and obesity (4-13%) [40] . Height increased steadily with age similar to CDC 1977 and 2000 reference standards. All anthropometric exposures demonstrated high degrees of autocorrelation ( Table 2 ). With respect to our outcomes of interest, mean values were 13.6 years for APHV, 8.6 cm/ year for PHV, 156.0 cm for height at age 13, and 179.1 cm for adult height. Figure 1 illustrates the median growth trajectory for participants up to age 18, as well as the 10th and 90th percentiles.
In age-and energy-adjusted analyses, greater fat intake at several childhood ages, particularly ages 9-10, was correlated with an earlier APHV, greater PHV, and taller height at age 13 and in adulthood. Generally similar findings were observed for animal protein intake. Greater intake of animal protein at ages 3-5 and 9-10 was correlated with an earlier APHV, and greater animal protein intake from ages 1-10 was correlated with taller height at age 13 and in adulthood. In contrast to these findings, greater vegetable protein intake at ages 9-10 was correlated with later APHV, and greater vegetable protein intake from ages 1 to 10 was correlated with shorter height at age 13. Energy intake was not significantly correlated with any of the outcomes of interest. With respect to our anthropometric exposures, no statistically significant correlations were observed for BMI with any of the outcomes of interest, with the possible exception of suggestive positive correlations for BMI at ages 1-2 with adult height, and BMI at ages 6-8 with height at age 13. Greater birth length was correlated with taller height at age 13 and in adulthood. Finally, greater height from ages 1-10 was correlated with earlier APHV, taller height at age 13, and taller adult height. Correlations tended to be stronger with increasing age (Table 3) .
Given the similarity of findings across nutrients, we next investigated the correlation between dietary measures. At most ages, greater energy-adjusted fat intake was correlated with greater animal protein intake, and increased fat and animal protein intakes were correlated with lesser vegetable protein intake (Appendix Tables 5, 6, 7, 8) . Given this high degree of inter-nutrient correlation, as well as the previously observed high autocorrelation with age, we developed overall dietary scores (childhood fat and animal protein intake, and childhood vegetable protein intake from ages 1-10) to reduce concerns of collinearity and to examine the combined, rather than independent, influence of our exposures. Using these new scores, we observed that boys with greater childhood fat and animal protein intake from ages 1-10 had an earlier APHV, and were taller at age 13 and as adults (Table 4 , unadjusted estimates; and Fig. 2 ). In contrast, boys with greater childhood vegetable protein intake had a later APHV and were shorter at age 13. With respect to birth length, boys longer at birth were taller at age 13 and as adults. Finally, children who were taller from ages 1-10 had an earlier APHV and were taller at age 13 and in adulthood. We did not explore energy intake or BMI in regression analyses because of their non-significant findings in correlation analyses.
To explore the relative contributions of lifestyle and genetics to our outcomes of interest, we next included both childhood diet and birth length in the same model, and found 
a Calculated using the Centers for Disease Control and Prevention Recommended BMI-for-age cutoffs for overweight and obesity [41] b Reference data for BMI were available for ages 2-20 years only [42] c Reference data for BMI were available for ages 2-20 years only [43] d Calculated as the average of sequential pairwise Pearson correlation coefficients e [44] f [45] Mean that the point estimates attenuated slightly but remained statistically significant (Table 4 , columns 2, 5, and 8). Further adjustment of the childhood fat and animal protein intake findings for vegetable protein intake resulted in a small degree of attenuation for the point estimates for height at age 13 and adult height (Table 4 , column 3), and attenuation to a non-significant value for APHV. Results for childhood vegetable protein intake with APHV and height at age 13 attenuated to the null after adjustment for childhood fat and animal protein intake (column 6). We did not adjust the findings for childhood height for birth length and childhood diet because we believe these findings reflect the combined influence of genetics and diet. Finally, strong correlations were observed for height at age 13 with both APHV (r=-0.70, p < 0.0001) and adult height (r = 0.51, p < 0.0001), but not for APHV with adult height (r= − 0.03, p = 0.79).
Discussion
In this longitudinal study of American boys, we observed that a childhood diet high in fat and animal protein and low in vegetable protein (i.e., a "Western-style" diet) was associated with an earlier APHV, and that both childhood diet and birth length were associated with taller stature at age 13 and in adulthood. Consistent with these findings, greater childhood height (from ages 1 to 10), which we included as a combined measure of childhood diet and genetic growth potential, was also associated with earlier APHV, taller stature at age 13, and taller adult height. Finally, strong correlations were observed between height at age 13 and both APHV and adult height, but not between APHV and adult height, suggesting distinct pathways of action for APHV and adult height, but possibly overlapping pathways for height at age 13 with APHV and adult height-i.e., height at age 13 may serve as a marker of both earlier timing of puberty and greater height potential. Our findings for childhood diet and body size are consistent with those from the small number of studies conducted to date. Specifically, our findings for childhood diet and APHV are in line with those from our previous study of girls in the Longitudinal Studies of Childhood Growth and Development [30] , as well as those from several other, but not all [46] [47] [48] [49] [50] , prospective studies of adequately nourished boys [51, 52] and girls [51] [52] [53] [54] [55] [56] [57] of primarily European ancestry. In addition, although few cohort studies have investigated the influence of childhood diet on adult height, our findings are consistent with those from studies that examined the correlation between individual and percapita intake of animal protein and adult height [58, 59] . For energy intake, our null findings are consistent with most of the available literature, suggesting no association between childhood energy intake and measures of puberty, at least in studies predominantly of girls [18, 60] . In contrast, our null findings for childhood BMI differ from most previous studies that observed positive associations for pre-pubertal BMI/adiposity with earlier onset or speed of puberty in boys [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] , and inverse associations with adult height [65, 66] . Reasons for these differences are not immediately clear, as positive/inverse findings were observed across studies from a range of different countries and calendar periods. Our findings for birth length and childhood height are consistent with those from most previous studies of boys, supporting positive associations for birth length and adult height [33] [34] [35] , inverse associations for childhood height and timing of puberty [60, 62, 63, 70] , and positive associations for childhood and adult height [66, 71] . Finally, our null findings for timing of puberty and attained height differ from most previous studies that observed that boys who entered puberty earlier were shorter as adults [65, 66, 72] . However, reasons for these discrepancies are unclear.
While the relations for childhood diet and genetic growth potential with pubertal timing and attained height are important in and of themselves, our primary goal in examining these associations was to inform the contribution of these factors to PCa risk. By interpreting pubertal timing [19] [20] [21] and adult height [22, 23] as markers of PCa risk, our findings suggest that both childhood consumption of a "Western-style" diet and genetic growth potential may contribute to risk, and that they may do so through two separate mechanisms related to earlier puberty and greater attained height. Elements of a Western diet may contribute to earlier puberty by several possible mechanisms, including (1) increased leptin secretion, which may be permissive for puberty initiation [51] ; (2) increased insulin-like growth factor 1 (IGF-1) secretion, which regulates growth and has been related to earlier puberty in some studies [52, 59, 73] ; (3) increased insulin secretion, which suppresses IGF binding protein 1 secretion, and thus may allow greater circulating IGF-1 levels [52] ; and (4) increased androgen and other steroid hormone levels [74] . Genetically determined levels of each of these factors could also conceivably contribute to earlier puberty initiation. Once initiated, puberty has been proposed to contribute to later PCa risk largely by extending the time during which the prostate is exposed to androgens [2] . With respect to adult height, the most commonly proposed mechanism by which elements of a Western diet may contribute to taller height is by increased IGF-I secretion. In addition to promoting height, elevated levels of this growth factor may influence cancer risk by stimulating epithelial cell proliferation, preventing apoptosis, and amplifying the effects of DNA-damaging agents. It is also possible that taller height may serve as a marker of greater organ size and/or cellularity, thereby increasing the pool of cells at risk for transformation [75] . Finally, as earlier pubertal timing was uncorrelated with adult height in our analysis and has frequently been found to be correlated with shorter adult height in previous analyses [65, 66, 72] , it is possible that additional pathways besides IGF-1 may contribute to either adult height or pubertal timing. Our study has several limitations and strengths that merit discussion. Besides our use of markers of PCa risk, we were also limited, to some extent, by our exposure and outcome assessments. With respect to diet, we were limited by the small number of macronutrients estimated from dietary interviews, which precluded a comprehensive analysis of diet and dietary patterns. Similarly, for genetic growth potential, we were limited by lack of access to biologic specimens (e.g., blood, saliva) and information on parental characteristics (e.g., timing of puberty and attained height) from which to infer genetic potential. Furthermore, although birth length informs growth potential, it is also determined by other factors, such as maternal nutrition (a possible correlate of offspring childhood nutrition) and gestational length [36] . Finally, for pubertal timing, we were limited to two possible markers of this process: APHV, an event that occurs later during puberty and is difficult to estimate even with serial height measurements; and height at age 13, which likely captures both pubertal timing as well as participants' height potential. Therefore, even though we performed many analyses and adjustments, it was not possible for us to discern the relative contributions of childhood diet and genetics to our outcomes of interest. Additional limitations include our small sample size, which may have hindered our ability to detect weaker associations; lack of access to other possible determinants of pubertal timing and adult height (e.g., having been breastfed, passive smoking exposure, socioeconomic status, and physical activity) [18] ; and restriction to American boys of European descent born in the 1930s. Therefore, whether our findings apply to boys of other race/ethnicities or boys born more recently in the current obesity epidemic is unclear.
Offsetting the above-described limitations are several unique strengths. These include our prospective study design; repeated measurement of anthropometric variables from birth through to early-adulthood by the same study investigator; and repeated collection of diet by a well-validated method of dietary assessment (dietary history interviews by a trained nutritionist). These strengths increase the validity of our exposure and outcome measurements, particularly compared to values recalled later in life. Finally, use of APHV as a marker of timing of puberty aligns well with the onset of pubertal prostate growth, as APHV has been shown to correlate with genital Tanner stages, which in turn are correlated with levels of prostate-specific antigen, a marker of prostate growth during adolescence [44, 76] . Therefore, although our outcomes were derived from height, they should still capture growth and development of our target organ of interest.
In summary, our study provides evidence that both greater childhood intake of fat and animal protein, and greater genetic growth potential contribute to earlier pubertal timing and taller attained height in males. As both of these outcomes have been found to be associated with PCa risk, our findings support roles for childhood diet and growth in PCa development, and suggest that early-life may be a promising life stage to study for PCa etiology. Future studies should explore these findings further for their insight into PCa mechanisms and primary PCa prevention. In addition, although not the focus of our study, our findings also offer insight into the etiology of other cancers or chronic conditions associated with pubertal timing or adult height, and could be used for further prevention in those fields as well.
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